D-Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) shows cooperative properties for binding coenzymes. The structure of apo-GAPDH from Palinurus versicolor has been solved at 2.0 Å resolution by X-ray crystallography. The final model gives a crystallographic R factor of 0.178 in the resolution range 8 to 2 Å. The structural comparison with holo-GAPDH from the same species reveals a conformational change induced by coenzyme binding similar to that observed in Bacillus stearothermophilus GAPDH but to a lesser extent. The differences in magnitude during the apo-holo transition between these two enzymes were analyzed with respect to the change of the amino acid composition in the coenzyme binding pocket. In the crystalline state of apo-GAPDH, the overall structures of the subunits are similar to each other; however, significant differences in temperature factors and minor differences in domain rotation upon coenzyme binding were observed for different subunits. These structural features are discussed in relation to the environmental asymmetry of crystallographically independent subunits.
INTRODUCTION
D-Glyceraldehyde-3-phosphate dehydrogenase (GAPDH: EC 1.2.1.12) 2 is a tetrameric enzyme which catalyzes the oxidative phosphorylation of D-glyceradehyde-3-phosphate to form 1,3-diphosphoglycerate in the presence of NAD ϩ and inorganic phosphate (Harris and Waters, 1976) . GAPDH shows different cooperative behavior for binding coenzyme depending on its sources. GAPDH from yeast manifests positive cooperativity and the enzyme from muscle shows negative cooperativity. Moreover, when the SH group of the active site Cys149 reacts with certain alkylating and acylating reagents, GAPDH exhibits half-of-the-sites properties (Macquarrie and Bernhard, 1971; Levitzki, 1974) . These properties make GAPDH a good model for the study of the allosteric mechanism of enzymes. Many crystal structures of GAPDH from various sources, such as Homarous americanus (Buehner et al., 1974; Murthy et al., 1980) , human muscle (Mercer et al., 1976) , Bacillus coagulans (Griffith et al., 1983) , Bacillus stearothermophilus (Skarzynski et al., 1987) , Thermotoga maritima (Korndorfer et al., 1995) , Escherichia coli (Emile et al., 1996) , Leishmania mexicana (Kim et al., 1995) , Thermus aquaticus (Tanner et al., 1996) , and Sulfolobus solfataricus (Michail et al., 1999) , have been reported. These structures provide important information on folding, catalysis, thermal stability, and the allosteric mechanism of GAPDH.
The high-resolution structure of apo-GAPDH and structural comparison with holo-GAPDH allow us to clarify the issue of molecular symmetry, to identify the conformational changes induced by NAD ϩ binding, and to understand the possible process of the apo-holo transition. However, to date, the highresolution structures of both the apo and holo forms are available for only a few enzymes (Skarzynski et al., 1988; Emile et al., 1996) . GAPDH from the tail muscle in Chinese South Sea lobster, Palinurus versicolor, shows negative cooperativity (Zhao et al., 1985) . The high-resolution structures of P. versicolor holo-GAPDH and holo active site-carboxymethylated GAPDH have been reported (Song et al., 1998 (Song et al., , 1999 . This paper presents the structure of apo-GAPDH from the same source at 2.0 Å and the structural comparison with its holo form.
P. versicolor, according to the method of Allison and Kaplan (1964) . The solution of P. versicolor holo-GAPDH was then mixed with activated charcoal in 1 M KH 2 PO 4 buffer (pH 6.7) and the mixture was stirred for 5 min at 30°C. P. versicolor apo-GAPDH was collected from the supernatant of the mixture. The specific activity of the apo enzyme is similar to that of the holo enzyme, with an A 280 /A 260 of about 1.8-2.0. Crystals were grown by vapor diffusion over (NH 4 ) 2 SO 4 and they have space group C2, with cell dimensions a ϭ 128.1 Å, b ϭ 99.6 Å, c ϭ 80.7 Å, ␤ ϭ 114.4° (Song et al., 1988) and two subunits per asymmetric unit. A data set was FIG. 1. Electron densities in the NAD ϩ binding cleft of P. versicolor apo-GAPDH. The electron density is from an omit Fo-Fc map, showing water molecules in the cleft and some residues around the cleft for the green subunit (a, c) and the red subunit (b, d) . The contour level is 3 . The coordinates of NAD ϩ were taken from P. versicolor holo-GAPDH (ID code: 15ZJ from PDB).
collected at the BL6A2 station of the KEK photon factory in Japan using the Weissenberg imaging plate system (Sakabe, 1983) , with the rotation axis along the diagonal between the a and b axes and a wave length of 1.00 Å at an experimental temperature of 7°C. The rotation range was from 0°to 286°. The data were then processed using the program WEIS (Higashi, 1989) . The final merging R factor was 0.07 for the data set of 54,995 unique reflections to a maximum resolution of 1.8 Å.
Crystallographic Refinement
Since P. versicolor apo-GAPDH crystals are isomorphous to P. versicolor holo-GAPDH crystals, the crystal structure was determined by crystallographic refinement using the 2-Å structure of P. versicolor holo-GAPDH as the initial model. The refinement was carried out with data in the resolution range of 8 to 2.0 Å (F Ͼ 2 ) using the program X-PLOR (Brunger, 1992) . Model building was done on an SGI workstation with the program TURBO-FRODO (Roussel and Cambillau, 1989) . In the refinement each subunit was treated independently without imposing noncrystallographic twofold symmetry restraints. Water molecules were gradually added to the model. They were positioned only when well-defined positive peaks were present in both 2Fo-Fc and Fo-Fc electron density maps and when they could form a hydrogen bond(s) with either protein atoms or other water molecules. The final model had an R factor of 0.179 and a R free of 0.228. The crystal data and structure refinement are summarized in Table I . The final coordinates have been deposited in the Brookhaven Protein Data Bank (ID code: 1CRW). The nomenclature of subunits (green, red, blue, yellow) and the definition of molecular axes (P, Q, R) are the same as those in the H. americanus GAPDH structure (Buehner et al., 1974) .
RESULTS AND DISCUSSION

Quality of Model
The final model of P. versicolor apo-GAPDH (the green and red subunits) contains 5012 nonhydrogen protein atoms and 228 solvent water molecules. This model shows good stereochemistry, with root-meansquare deviations (rmsd) of 0.006 Å for bond lengths, 1.26°for bond angles, 27.48°for dihedral angles, and 0.63°for improper angles. The overall structures of the tetramer and monomer are similar to those of P. versicolor holo-GAPDH. The Ramachandran plot (Ramachandran et al., 1963) is reasonable except for a Val237 in the green subunit that is in disallowed regions. The abnormal dihedral angles of this residue have been explained by structural studies from E. coli GAPDH (Emile et al., 1996) .
Most of the residues have a well-defined and continuous electron density. Only 5 residues (61, 231, 245, 333, and 334) from the green subunit and 15 (60, 61, 68, 69, 70, 75, 77, 80, 81, 86, 103, 110, 231, 333, and 334 ) from the red subunit have electron density correlation coefficients of less than 0.7. Most of these residues are located on the surface of the molecule and exposed to the solvent. Their positions could be recognized, although not as accurately as other residues. There is no extra electron density at the region corresponding to the NAD ϩ molecule in holo-GAPDH except for a few isolated peaks that could be explained as water molecules (Figs. 1a and 1b) . Also, the electron densities of residues around the NAD ϩ binding cleft are shown as a comparison (Figs. 1c and 1d).
The average temperature factor is 24.1 Å 2 for all nonhydrogen atoms of the molecule. The factors are 18.2 and 22.8 Å 2 for the catalytic and coenzyme binding domains, respectively, in the green subunit. They are 19.8 and 35.2 Å 2 , respectively, in the red subunit. The water molecules have an average B factor of 36.5 Å.
Comparison of Apo and Holo Forms
The overall structures of the apo and holo forms of P. versicolor GAPDH, determined at the same high resolution (2.0 Å), are similar. The C␣ rmsd of the tetramer between the two forms is 0.57 Å, and the corresponding value for the four catalytic domains forming the core of the tetramer is only 0.22 Å, indicating that conformational changes occur mainly in the NAD ϩ binding domain. There are minor differences in the values for the single coenzyme binding domain (0.26 Å for the green subunit and 0.36 Å for the red subunit). These values are listed in Table II together with the corresponding values of the B. stearothermophilus enzyme for comparison. The difference between equivalent C␣ atoms in apoand holo-GAPDH from P. versicolor using a PQR molecular frame along the polypeptide chain is plotted in Fig. 2 , which gives a characteristic curve similar to that for the B. stearothermophilus enzyme (Skarzynski and Wonacott, 1988) , indicating that the conformational changes are involved in a similar portion of the molecule. As can be seen from Fig. 2 , the catalytic domain reveals only a minor fluctuation; on the contrary, significant peaks and troughs appear in the NAD ϩ binding domain. These peaks are located around the residues involved in hydrogen bonding interactions with NAD ϩ , i.e., Arg10, Ile11, Asp32, Met77, and Ser119, together with their neighboring residues, showing substantial conformational changes in these subregions during NAD ϩ binding. The structural comparison corresponds with biochemical experiments, which also show the similarity in the structure and properties of the B. stearothermophilus and P. versicolor enzymes (Singleton et al., 1969; Allen and Harris, 1975) . However, the conformational change in the B. stearothermophilus enzyme is more marked than that in the P. versicolor enzyme.
The NAD ϩ -induced conformational changes can be described at first approximation as relative rotation between the dimers and domains (Skarzynski and Wonacott, 1988) . During the apo-holo transition in P. versicolor GAPDH, the dimers related by molecular axis P (green-yellow, blue-red) rotate by about 1.42°relative to each other, and 2.7°and 3.3°rota-tions are required for superimposing the coenzyme binding domains in the green and red subunits after superposition of the structures of the apo and holo forms using catalytic domains as the reference set for defining the superposition matrix. These values are also less than those in the B. stearothermophilus enzyme.
In holo-GAPDH from P. versicolor, there exists a very complex electrostatic field in the coenzyme binding cleft. The interactions of the NAD ϩ molecule with the protein contain seven direct hydrogen bonds and many hydrophobic interactions (Song et al., 1998) . In apo-GAPDH from the same species, the positions of residues involved in NAD ϩ binding are slightly shifted compared with the holo form because of the absence of the NAD ϩ molecule. As shown in Figs. 3a and 3b , the conformational changes involved in a small ''closing'' in a vertical direction i.e., from Asn313 to Met77, except for a translation movement of 0.7 Å in a direction approximately perpendicular to the former one. In order to measure the ''closing'' movement, some interatomic distances between P. versicolor apo and holo forms were compared. It can be seen clearly from Table III that the distances between the subset containing residues Arg10, Ile11, Asp32, Met77 (Skarzynski and Wonacott, 1988) , and the reference residue Asn313 in the apo form are about 0.4 Å for the green subunit (0.7 Å for the red subunit) longer than those in the holo form. In the B. stearothermophilus enzyme the corresponding distances in the apo form are about 1.8 Å longer than those in holo form. This demonstrates that, like the B. stearothermophilus enzyme, upon NAD ϩ binding, the NAD ϩ binding site of the P. versicolor enzyme changes. However, the NAD ϩ -induced conformational change in the P. versicolor enzyme is less than that in the BS enzyme.
The sequence of events in the apo-holo transition was proposed based on the crystallographic studies of the B. stearothermophilus enzyme (Skarzynski and Wonacott, 1988) . NAD ϩ was first bound to the enzyme by its ADP moiety, and then NAD ϩ had to move deeper into the active site pocket (so that the hydrogen bond O7N-NAD . . . ND2-Asn313 may be formed), which in turn requires movement of a substantial part of the NAD ϩ binding domain. As the conserved residues are involved in NAD ϩ -binding, it can be inferred that similar process of NAD ϩ -binding may happen in GAPDH from other sources during the apo-holo transition. The difference in the size of the active site pocket between open and ''closed'' forms are obviously smaller in the P. versicolor enzyme than in the B. stearothermophilus enzyme (Table III) ; thus, it may be reasonable that less pronounced conformational changes are required for the apo-holo transition in P. versicolor GAPDH. In the final step of NAD ϩ binding proposed for the B. stearothermophilus enzyme, a subregion formed by Asp32-Leu33 may require further local conformational adjustment to make optimal interactions with the ADP moiety, which also contributes the substantial conformational changes of the NAD ϩ binding domain (Skarzynski and Wonacott, 1988) . In P. versicolor apo-GAPDH, Asp32 is already located in a position similar to that in B. stearothermophilus holo-GAPDH due to the insertion of a proline at position 33, to make sufficient interactions with the ADP moiety without conformational adjustment (In B. stearothermophilus holo-GAPDH, OD2-Asp32 forms three hydrogen bonds with N-Phe8, N-Thr34, and OG1-Thr34, respectively, while in P. versicolor apo-GAPDH, the three hydrogen bonds formed are between OD2-Asp32 and N-Phe8, N-Phe34, and N-Ile35). Furthermore, in order to accommodate the long side chains of Arg97 and Asn181 with the NAD ϩ molecule, additional conformational changes have to be created in B. stearothermophilus apo-GAPDH (Skarzynski and Wonacott, 1988) . However, this is unnecessary for P. versicolor apo-GAPDH due to the replacement by two short side chain residues (Val98 and Ala180) (Fig. 4) . The GAPDH molecule undergoes significant conformational change during the apo-holo transition. Negative cooperativity is surely correlated with these conformational changes from the reports of a number of experiments, including structural studies of the ADP-ribose-GAPDH complex (Wonacott and Skarzynski, 1990; Shen et al., unpublished results) . The conformational changes found in P. versicolor GAPDH may represent the minimum conformational changes required for NAD ϩ binding and the cooperativity of GAPDH.
Cys149 and His176 have been identified as two important residues in the chemical mechanism of phosphorylating GAPDH with the reactivity of Cys149 activated by His176. The structure data of P. versicolor apo-and holo-GAPDH presented here provide no support for the above argument. In the P. versicolor apo-holo transition, the distances between SG-Cys149 and NE2-His176 were shortened from 4.41 to 3.90 Å in the green subunit and 4.44 to 4.00 Å in the red subunit. Nevertheless, the shortened distances are still too long to allow the formation of hydrogen bonds between Cys149 and His176. This supports the hypothesis that the major role of His176 in the catalytic mechanism under physiological conditions is not to activate the nucleophilicity of Cys149 but to facilitate hydride transfer (Talfournier et al., 1998) . Cys149 is located in the N-terminus of the long helix ␣1 (149-165) in all published structures. In this location, the polarization of the helix provides a good environment for S Ϫ -Cys149 under neutral pH conditions.
Although the crystal was obtained in the presence of ammonium sulfate, the P s (substrate phosphate) or P i (inorganic phosphate) sites of the present structure (P. versicolor apo-GAPDH) have only weak corresponding electron densities, which could be better explained as water molecules (W96 in the green subunit and W151 in the red subunit for the P i sites; W163 in the green subunit and empty in the red subunit for the P s sites). The absence of coenzymes seems to be unfavorable to ion binding. Thr179 and Arg231 are known to be proposed as the P s site.
In the present structure, Arg231 is hydrogen bonded to Thr179, as found in the B. stearothermophilus enzyme and does not make an alternate interaction (salt bridge) with Asp192, as in the E. coli enzyme, in spite of having a glycine at position 195.
Comparison between Subunits
In P. versicolor apo-GAPDH, superimposition of the green and red subunits requires a rotation of 179.6°about the R axis, showing a good pseudo twofold symmetry. The superimposition gives rmsds Note. apoG, the green subunit of apo-GAPDH; holoG, the green subunit of holo-GAPDH; apoR, the red subunit of apo-GAPDH; holoR, the red subunit of holo-GAPDH. of 0.19 Å for the C␣ atoms, 0.22 Å for the main chain atoms, and 0.63 Å for all nonhydrogen atoms, indicating that the two subunits are nearly identical. Nevertheless, careful inspection reveals minor differences in the C␣ atomic positions for the NAD ϩ binding domain (Table II) , the size of the active-site pocket (Table III) , and the domain rotations compared with the holo form (2.7°vs. 3.3°). B factors have higher values for most of residues in the red subunit than those in the green, especially for the NAD ϩ binding domain, as shown in Fig. 5 . Minor differences in solvent structure can be found between the two subunits. The red subunit showed fewer water molecules than the green subunit did (85 vs 112). For example, in the green subunit, 13 water molecules were found in the active cleft but in the red subunit, only 6 water molecules were found. These results are consistent with the average B factor of the red subunit being higher than that of the green subunit, particularly in the NAD ϩ binding domain. The higher B factor of a region indicates its greater mobility and destabilization of the water structure related to it.
The crystal packing of P. versicolor holo-GAPDH was described by Song et al. (1998) . Similar contacts are also observed in the P. versicolor apo-GAPDH crystal, despite the fact the enzyme is now in the open NAD ϩ -free form. It is noted that the two subunits (the red and green subunits) in the asymmetric unit are located in different crystallographic environments and that the NAD ϩ binding domain of the green subunit interacts with two neighboring crystallographic related tetramers, whereas the red subunit interacts with only one crystallographically related neighbor. Differences in the B factor (particularly for the NAD ϩ binding domain) observed between the subunits for P. versicolor apo form was caused presumably by different crystallographic environments, similar to that reported for the P. versicolor holo form (Song et al., 1998) . The slightly larger domain rotation required for the red subunit during the apo-holo transition most probably also resulted from less lattice restriction of the subunit. It has been reported that the conformation state and function-associated conformational changes may be affected by lattice interaction (Rossi, 1992) . The E. coli NAD ϩ -bound GAPDH tetramer showed a hybrid structure with two ''holo-like'' subunits and the other two ''apo-like'' and this was explained on the basis of crystal history and packing characteristics (Emile et al., 1996) . The slightly larger size of the NAD ϩ site pocket of the red subunit detected in the crystal of the apo form of P. versicolor GAPDH seems to imply a ''more opened'' form. However, we are not certain if the structural differences observed are real, due to the inadequate accuracy of the structure reported here (the red subunit has higher B factor). More accurate structure determination is required for clarifying this interesting issue.
